Inhibitors of histone deacetylases (HDACIs) are a new generation of anticancer agents that selectively kill tumor cells. However, the molecular basis for their tumor selectivity is not well understood. We investigated the effects of HDACIs on the oncogenic Rb-E2F1 pathway, which is frequently deregulated in human cancers. Here, we report that cancer cells with elevated E2F1 activity, caused either by enforced E2F1 expression, or by E1A oncogene expression, are highly susceptible to HDACI-induced cell death. This E2F1-mediated apoptosis is neither p53-nor p73-dependent but proceeds through selective induction of proapoptotic BH3-only protein Bim. We show that Bim is a direct target of E2F1 and that HDAC inhibition promotes the recruitment of E2F1 to the Bim promoter. Moreover, silencing of Bim by specific small interfering RNA (siRNA) effectively abolishes the E2F1-mediated cell death sensitization to HDACIs. These findings suggest that the oncogenic E2F1 pathway participates in HDACIs-induced apoptosis in cancer cells and underscore the importance of Bim as a key mediator of oncogene-induced apoptosis. Our study provides an important insight into the molecular mechanism of tumor selectivity of HDACIs and predicts that, clinically, HDACIs will be more effective in tumors with high E2F1 activity.
H
istone deacetylase inhibitors (HDACIs) have emerged recently as promising chemotherapeutic agents and can induce a range of antitumor activities, including induction of cell cycle arrest, stimulation of differentiation, and provocation of apoptosis (1) (2) (3) . The efficacy of these agents, particularly trichostatin A (TSA) and suberoylanilide hydroxamic acid (SAHA), has been established by in vitro experiments and ongoing clinical trials (4) (5) (6) (7) (8) (9) . Unlike conventional chemotherapeutic agents that often cause DNA damage in both tumor and normal tissues, HDACIs display strong tumor selectivity and cause less toxicity to the normal tissues (2) . However, the mechanism of this tumor selectivity is not understood, although recent studies show that HDACI sensitivity in tumor could be mediated by the activation of the death receptor pathway involving the tumor necrosis factor-related apoptosisinducing ligand (TRAIL) (10, 11) or preferential induction of oxidative injury in transformed cells (12) .
The therapeutic effect of HDACIs might be mediated through modulation of chromatin structure and transcriptional activity by means of changes in the acetylation status of nucleosomal histones at gene promoters. In addition to chromatin remodeling, HDACI activity may also be linked with non-histone proteins important for growth and differentiation, such as tumor suppressor p53 (13) . However, HDACIs induce histone hyperacetylation in both tumor and normal tissues. Thus, altered gene expression patterns through histone͞chromatin modulation might not be the primary mechanism to confer cancer selectivity of HDACIs. Alternatively, the tumor selectivity of HDACIs could be related to the chromatin modifications that are associated with oncogenic transformation, which in turn activates an apoptosis program normally suppressed during oncogenesis, an innate tumor suppressive mechanism coupled to oncogenic signaling (14) . As a result, cancer cells harboring oncogenic lesions are more susceptible to the cytotoxic effects of HDACIs.
One such oncogenic lesion lies in the Rb͞E2F1 pathway. The loss of the Rb tumor suppressor gene has been reported in many human tumors (15) . The Rb tumor suppressor regulates proliferation and survival by modulating the activity of E2F transcription factors. Hypophosphorylated Rb binds to and sequesters the transcription factor E2F, resulting in the repression of proliferation-associated genes. Inactivation of Rb results in increased E2F1 activity and subsequent transactivation of genes required for cell cycle progression, leading to aberrant cell proliferation (16) . Although Rb disruption primarily occurs in retinoblastoma, Rb inactivation can be caused in many tumor types by alterations of other components in this regulatory machinery, such as loss of p16(INK4), or overexpression of cyclin D1 and Cdk4. In addition, increased E2F1 expression has also been observed in several types of human tumors including breast cancer, non-small cell lung cancer, and salivary gland tumor (17) (18) (19) . Therefore, the activation of E2F1 activity through various mechanisms allows tumor cells to evade cell cycle regulation and proliferate uncontrollably. Accordingly, disruption of the normal Rb-E2F function is regarded as one of the most frequent alterations of malignant transformation (20) . As a fail-safe mechanism to protect aberrant oncogenic transformation (14) , E2F1 is also equipped with a tumor suppressor function by inducing apoptosis. Through this mechanism, cells with mutations in the Rb-E2F pathway will be predisposed to die and to be cleared. Indeed, deregulated E2F1 activity can trigger apoptosis through regulating the expression of proapoptotic genes (21, 22) . These regulations include the induction of p19 ARF (23, 24) or Chk2 (25) and subsequently activation of the p53-dependent apoptotic pathway. E2F1 also induces the expression of p73 (26, 27) , caspases (28) , and proapoptotic BH3-only proteins of the Bcl-2 family (29) and thus induces apoptosis through a p53-independent mechanism. To allow malignant outgrowth, the oncogene-coupled apoptosis function is either disrupted or inactivated. Therefore, therapeutic approaches for fully activating oncogene-induced apoptosis seem to be conceptually feasible to achieve tumor-specific intervention.
In this study, we demonstrate that HDACIs promote apoptosis through activation of the oncogenic Rb͞E2F1 pathway and that cancer cells with increased E2F1 activity or Rb inactivation are highly susceptible to HDACI-induced cell death. We show that the proapoptotic Bcl-2 family member Bim is a key mediator of this apoptotic process. Our results provide a mechanistic explanation for the tumor selectivity of HDACIs and suggest that HDACIs might preferentially kill tumors with deregulated Rb-E2F1 pathway.
Materials and Methods
Cell Culture and Chemicals. p53-null HCT116 cells were kindly provided by B. Vogelstein (The Johns Hopkins University, Baltimore). IMR90, U2OS, and Saos-2 cells were from American Type Culture Collection. IMR90-E1A cells were kindly provided by C. Brancolini (University of Udine, Udine, Italy). ER-E2F1-expressing cells were generated as described (30) . TSA was purchased from Cell Signaling Technology (Beverly, MA) and SAHA was from Alexis Biochemicals (San Diego).
Western Blotting. Western blotting was performed as described (31) . Antibodies against the following proteins were used: E2F1, p73, poly(ADP-ribose) polymerase (PARP), cyclin E, ␣-tubulin, and ␤-actin (Santa Cruz Biotechnology); Bim (BD Pharmingen); and caspase-3 (Cell Signaling Technology). Signals were detected by enhanced chemiluminescence signal by x-ray film (Kodak).
Chromatin Immunoprecipitation (ChIP). ChIP assays were performed as described for E2F1 (32) . Chromatin extracts containing a DNA fragment of an average size of 500 bp were immunoprecipitated by using anti-E2F1 polyclonal antibody (C20, Santa Cruz Biotechnology). PCR primers are available upon request.
RNA Interference. Bim-specific small interfering RNA (siRNA) and negative control siRNA were purchased from Cell Signaling Technology. SMARTpool E2F1 siRNA and negative control siRNA were purchased from Dharmacon Research (Lafayette, CO). Cells were transfected with Lipofectamine 2000 according to the manufacturer's protocol in the presence of siRNAs.
Further Details. Further details of the experimental procedures are provided in Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Results

E2F1 Overexpression Facilitates HDACI-Induced Cell Death in Human
Cancer Cells. Activation of E2F1 induces apoptosis through both p53-dependent and independent mechanisms. The former is primarily mediated through the p19 ARF ͞Mdm2 pathway and has been well characterized (24, 25, 33, 34) . To investigate the regulation of E2F1 apoptotic activity independent of p53, we used p53-null HCT116 cells to establish cell line stably expressing E2F1 fused to the 4-hydroxytamoxifen (4-OHT)-responsive ligand-binding domain of the estrogen receptor (ER) (30) . ER-E2F1 fusion protein is maintained inactive in the cytoplasm in the absence of 4-OHT and becomes activated after addition of 4-OHT by allowing ER-E2F1 translocation to the nucleus (30, 35) . As expected, addition of 4-OHT in ER-E2F1-expressing cells led to a strong increase of cyclin E and p73 expression (Fig. 1a) , two bona fide E2F1 targets (26, 27, 36) .
To investigate whether E2F1 activation induces sensitization of cells to HDACI-induced cell death, we analyzed the cell cycle profiles by FACS in ER-E2F1-expressing HCT116 p53-null cells (ER-E2F1) and the control cells expressing ER-binding domain only (ER) after the treatment with HDACIs SAHA or TSA in the presence or absence of 4-OHT. In ER-E2F1-expressing cells, 4-OHT or SAHA alone induced Ϸ13% and 23% of sub-G 1 cells indicative of cell death, respectively. Addition of both 4-OHT and SAHA resulted in a marked increase in sub-G 1 cells (75%), indicating a strong synergistic cell death response (Fig. 1b Left) . This synergistic effect was, however, not seen in the control ERexpressing cells. Similar results were obtained in TSA-treated cells (Fig. 1b Right) . Moreover, E2F1 activation by 4-OHT greatly promoted TSA or SAHA-induced growth inhibition, as determined by colony formation assay (Fig. 1c) . These results indicate that E2F1 overexpression resulted in enhanced cell death and growth inhibition in response to HDACIs.
To determine the effects of E2F1 overexpression on HDACIinduced apoptosis using a different system and an additional cell type, we infected p53-deficient osteosarcoma Saos-2 cells and p53 normal HCT116 cells with either E2F1-expressing adenovirus (Ad-E2F1) or control adenovirus (Ad-LacZ) and monitored the cell death response after TSA treatment. As shown in Fig. 1d , in each case, cell death after TSA treatment was significantly enhanced by Ad-E2F1 infection. In contrast, no such response was observed for cells infected with Ad-LacZ. These results are in agreement with the data from ER-E2F1-expressing cells and, together with Fig. 1 b and c, clearly indicate that E2F1 overexpression sensitizes HDACI-induced cell death and that this cell death potentiation is independent of p53 status. Selective Activation of E2F1 Proapoptotic Targets by HDACIs. We reasoned that HDACIs might promote E2F1-mediated cell death, which prompted us to search E2F1-regulated gene response to HDACIs. To achieve this aim, we used the microarray screening approach. BCL2L11, which encodes the proapoptotic BH3-only Bcl2 family member Bim (37, 38) and a recently identified E2F1 target (29) , was found to be markedly induced by SAHA or TSA upon E2F1 activation (data not shown). To confirm the microarray data and to investigate whether other E2F1 proapoptotic targets are involved, we used RT-PCR to examine the expressions of a number of known E2F1 targets, including CCNE, p73, caspase-3, and the BH3-only proteins such as Puma, Noxa, and Bim, in ER-E2F1-expressing cells treated with TSA or SAHA in the presence or absence of 4-OHT (Fig. 2a) . Time-course analysis showed that 
, Bim, Puma, and Noxa transcripts. Of these genes, 4-OHT-induced Bim and caspase-3 expressions were further upregulated by TSA or SAHA treatment (Fig. 2a) . By contrast, expression of CCNE and other closely related BH3-only transcripts Puma and Noxa were, however, not notably up-regulated. Intriguingly, the 4-OHT-induced p73 expression was paradoxically reduced by both TSA and SAHA. p21 activation, which is a typical response of HDACIs, was induced by TSA and SAHA as expected, and this activation was not further increased in the presence of 4-OHT. These findings suggest that HDAC inhibition alters the ability of E2F1 to activate transcription in a target gene-specific manner.
To determine whether these transcriptional changes will result in alterations in protein expression, we performed immunoblot analysis of Bim, Puma, caspase 3, and p73. Fig. 2b shows that treatment of ER-E2F1-expressing cells with SAHA or TSA in the presence of 4-OHT dramatically increased Bim protein levels, compared with control ER-expressing cells or cells treated with TSA, SAHA, or 4-OHT alone. Caspase-3 protein levels, as opposed to the striking increase in mRNA levels, were not notably increased. Consistent with the mRNA analysis, Puma protein levels were not affected and the E2F1-dependent p73 induction was reduced by TSA and SAHA treatment. Thus, among the known E2F1 proapoptotic targets we have surveyed, Bim seems to be the primary E2F1 proapoptotic target whose expression is substantially up-regulated by HDACIs upon E2F1 activation in both mRNA and protein levels. This observation was further confirmed in normal human fibroblast IMR90 cells and osteosarcoma Saos-2 cells by using Ad-E2F1. In both cases, TSA treatment of cells infected with Ad-E2F1 resulted in a marked increase in Bim expression compared with cells infected with Ad-LacZ (Fig. 2c) . In contrast, p73 and Puma were not affected. Collectively, these results suggest that HDACIs selectively activate the E2F1 proapoptotic target Bim. Interestingly, this observation is in contrast to E2F1 activation by DNA damage, which results in selective induction of p73 (32, 39) . In agreement with the known role of Bim in mitochondria-mediated apoptosis, we observed increased activation of caspase-3 activity, increased PARP cleavage, and the disruption of mitochondria membrane potential after SAHA or TSA treatment upon E2F1 activation, and caspase 3 inhibitor partially blocked this apoptosis (Fig. 6 , which is published as supporting information on the PNAS web site).
Bim Is Functionally Important in Conferring Sensitivity of HDACIs upon
E2F1 Activation. To definitively establish the role of Bim in HDACIinduced apoptosis upon E2F1 activation, we used RNA interference to silence Bim expression and analyzed its biological effects. Treatment of ER-E2F1-expressing cells with Bim siRNA but not control siRNA resulted in the significant reduction in Bim expression and nearly completely abolished SAHA-induced Bim induction (Fig. 3a Left) . As a result, ER-E2F1-expressing cells treated with Bim siRNA showed a marked decrease in SAHA-induced apoptosis in the presence of 4-OHT (18%), as compared with the control siRNA-treated cells (49%) (Fig. 3a Right) . Similar results were also obtained in TSA-treated cells (Fig. 3b) . Thus, silencing of Bim induction by siRNA transfection resulted in effective abrogation of apoptosis induced by HDACIs upon E2F1 activation. Likewise, silencing of Bim expression also resulted in the decreased cell death response to TSA in Saos-2 cells infected with Ad-E2F1 (Fig. 3c) . These concordant results show that Bim induction mediates the apoptosis potentiation upon E2F1 activation in response to HDACIs.
HDACIs Induce Bim Transcription Through Increased E2F1 Recruitment
to the Bim Gene Promoter. BH3-only proteins including Bim have been proposed to be the E2F1 targets. However, functional E2F1-binding sites in the human Bim promoter have not been previously identified. Sequence analysis of a genomic sequence spanning 2.5 kb base pairs upstream of the transcription start site of the human Bim promoter revealed the presence of four putative E2F-binding sites [TTT(C͞G)GCGC] at position Ϫ1270͞Ϫ1263, Ϫ1734͞Ϫ1727, Ϫ2112͞Ϫ2105, and Ϫ2245͞ Ϫ2238 from the transcription start site (Fig. 4a) . To determine whether the human Bim promoter was responsive to E2F1, we isolated two genomic DNA fragments spanning the Bim promoter region Ϫ1415͞Ϫ205 and Ϫ2415͞Ϫ1333 containing one and three putative E2F1-binding sites, respectively. The two fragments were cloned into the pGL3-luciferase reporter construct for analysis of promoter activity. The results indicate that E2F1 can induce strong induction in the promoter activity of the reporter construct that contains Ϫ1415͞Ϫ205, suggesting that E2F1 is capable of activating the Bim Ϫ1415͞Ϫ205 promoter. In contrast, Bim Ϫ2415͞Ϫ1333 promoter had no response to E2F1 (Fig. 4b) . Thus, the putative E2F1-binding site (TTTGGCGG) within Ϫ1415͞Ϫ205 seemed to be a functional E2F1 responsive element, denoted as E2F1-RE, in the Bim promoter.
To confirm that E2F1 binds to the E2F1RE in vivo, we performed ChIP assays using an anti-E2F1 antibody and PCR primers encompassing the E2F1-RE (Fig. 4c Left) . The results show that E2F1 occupancy of the Bim E2F1-RE is readily detectable in ER-E2F1-expressing cells in the absence of 4-OHT, indicating endogenous binding of E2F1 to the Bim promoter. SAHA treatment promoted recruitment of endogenous E2F1 to the Bim promoter. In the presence of 4-OHT, E2F1 binding to the Bim promoter was significantly increased, and this binding was further markedly increased by SAHA (Fig. 4c Right) . No signal above background was seen with nonspecific IgG. Thus, consistent with Bim being a direct target of E2F1, our study identified the functional E2F1-binding site in the human Bim promoter and further demonstrated that the increase in E2F1 occupancy onto the Bim promoter after HDAC inhibition is associated with the upregulation of Bim expression.
The Role of Endogenous E2F1 in Bim Induction and Apoptosis Sensitization to HDACIs. We next examined the apoptosis response to HDAC inhibition resulting from deregulation of endogenous E2F activity. E1A oncoprotein protein binds to and inactivates Rb family members (40, 41) , resulting in the activation of the endogenous E2F1 (42, 43) . To determine the effect of Rb inactivation on Bim expression and cellular response to HDACIs, we infected Rb wild-type U2OS cells with adenovirus-expressing E1A or the control adenovirus. Fig. 5a shows that U2OS cells infected with Ad-E1A express higher E2F1 targets Bim and p73 as expected, and, after SAHA treatment, Bim but not p73 was further increased. Consistently, U2OS cells expressing E1A were much more sensitive to SAHA treatment compared with the U2OS cells infected with Ad-LacZ (Fig. 5a Right) .
To determine the tumor selectivity of E2F1-Bim activation, we compared the impacts of HDACIs on both proliferation and apoptosis in normal diploid human lung fibroblast IMR90 cells and E1A-transformed IMR90 cells. A dose-response study showed that SAHA substantially inhibited proliferation of both normal and transformed IMR90 cells (Fig. 5b) . However, normal IMR90 cells were basically not responsive to SAHA and TSA in inducing apoptosis, whereas the same treatments in E1A-transformed IMR90 cells triggered a strong apoptosis (Fig. 5c Left) . This observation is consistent with the previous report (12) using different cell lines and suggests that the tumor selectivity of HDACIs might primarily occur in the pathway(s) that regulates apoptosis rather than cell proliferation. Consistent with the higher E2F1 activity in IMR90-E1A cells, Bim and p73 were up-regulated in these cells, and, after SAHA and TSA treatments, Bim levels were further dramatically increased. In contrast, Bim induction was barely induced by TSA and SAHA in normal IMR90 cells (Fig. 5c Right). p73 expression, again, was reduced by SAHA, an observation consistent with E2F1-overexpresing cells. In addition, siRNAmediated knockdown of Bim in IMR90-E1A cells effectively inhibited apoptosis induction by TSA (Fig. 5d) . Thus, oncogene E1A expression in normal IMR90 cells leading to the increased endogenous E2F1 activity sensitized these cells to HDACI-induced apoptosis at least in part through the induction of Bim.
We further used Rb-deficient Saos-2 cells to examine the role of endogenous E2F1 in apoptotic response and Bim induction after TSA or SAHA treatment. Fig. 5e shows that Saos-2 cells treated with E2F1 siRNA had substantially reduced Bim induction, inhibited PARP cleavage, and reduced apoptosis after TSA or SAHA treatment. These results clearly demonstrate that endogenous E2F1 is required for the robust induction of Bim and participates in the apoptotic response to HDACIs.
Discussion
HDACIs are considered to be promising chemotherapeutic agents due to their selective activity toward cancer cells. However, the basis for tumor selectivity of these compounds is one of the unsolved questions (2). The results described here establish the oncogenic Rb͞E2F1 pathway as a target for HDACIs and demonstrate that the E2F1 pathway participates in HDACI-induced apoptosis. That Rb͞E2F pathway is frequently deregulated in many types of cancers and that HDACIs preferentially kill tumor cells carrying enhanced E2F1 activity define a set of molecular conditions for selectivity of anti-tumor effects of HDACIs. Taken together, we posit that tumors with defective pRb and confirmed up-regulation of the E2F1 pathway would be specifically sensitive to HDAC inhibitors. Importantly, we identified Bim as a key mediator of E2F1-induced apoptosis provoked by HDACIs. Bim is a proapoptotic BH3 domain-only member of the Bcl-2 family and can trigger intrinsic apoptosis pathway through activation of Bax (37, 44, 45) . Among previously identified E2F1 proapoptotic targets that have been served by using both microarray and RT-PCR, Bim was found to be dramatically increased in both mRNA and protein levels by HDACIs upon E2F1 activation. Moreover, silencing of Bim expression by RNA interference (RNAi) efficiently abrogated the cell death enhancement induced by HDACIs in E2F1-overexpressing cells, indicating that the sole up-regulation of Bim is sufficient to drive these cells into strong apoptosis. However, we do not exclude the possibility that induction of other previously unidentified E2F1 targets might also contribute to the sensitization of apoptosis. Nevertheless, the nearly complete abrogation of apoptosis sensitization by Bim siRNA indeed indicates that Bim plays a central role in this process.
An intriguing observation is that the other BH3-only proteins such as Puma and Noxa are not affected by HDAC inhibition, although they are also previously identified E2F1 targets (29) . The molecular basis that dictates the selective activation of E2F1 target genes by HDACIs is not known. One possibility for this target selection is due to E2F1 acetylation, because acetylation of transcription factors p53 and p73 were known to lead to the selective activation of proapoptoic targets (46, 47) . However, we found that ER-E2F1 mutated in three acetylation sites had no reduced ability to transactivate Bim as well as the apoptotic response to HDACI (data not shown). Alternatively, the selected activation of target genes could be due to the increased acetylation of proteins physically associated with E2F1 or increased recruitment of histone acetyltransferases (HATs) and subsequent acetylating of histones of affected promoters.
Previously, studies show that DNA damage promotes E2F1-mediated apoptosis through selective induction of p73 (32, 39) or activation of the Chk2-p53 network (25) . In striking contrast to that induced by DNA damage, we demonstrate that activation of E2F1 apoptotic function by HDACI does not require either p73 or p53, but proceeds through robust activation of Bim. Unlike other BH-3-only members, such as Puma, Noxa, and Bid, that are p53 targets and participate in DNA damage-induced apoptosis (48) (49) (50) (51) , there is no evidence that Bim is a p53 target. Instead, its expression is tightly regulated by growth factor signals through phosphatidylinositol 3-OH kinase (PI3K)͞protein kinase B (PKB)͞Akt (52, 53) or ERK͞mitogen-activated protein kinase (MAPK) pathway (54) (55) (56) and participate in apoptosis induced by cytokine withdraw. Thus, Bim seems to be separated out from other members of BH-3-only proteins and seems to have emerged as a key mediator of oncogene-induced apoptosis, whereas Puma, Noxa, and Bid are primarily involved in DNA damage and p53-mediated apoptotic response. Indeed, it was recently reported that loss of Bim facilitates oncogene Myc-induced tumorigenesis (57, 58) , although it is not clear whether Bim is a direct target of Myc. Taken together, Bim seems to be a key mediator of oncogene-induced apoptosis. It is thus expected that, in tumors where p53 is lost, Bim-mediated apoptotic pathway might be key to couple oncogenic lesions to achieve the fail-safe homeostatic mechanism. Thus, using HDACIs to promote E2F1-mediated but p53-independent apoptosis provides the proof of concept that restoration of oncogene-induced apoptosis without causing DNA damage is a feasible strategy for cancer-specific therapy.
